Rationale: Phenotypic modulation of smooth muscle cells (SMCs), which are located in close proximity to endothelial cells (ECs), is critical in regulating vascular function. The role of flow-induced shear stress in the modulation of SMC phenotype has not been well defined. Objective: The objective was to elucidate the role of shear stress on ECs in modulating SMC phenotype and its underlying mechanism. Methods and Results: Application of shear stress (12 dyn/cm 2 ) to ECs cocultured with SMCs modulated SMC phenotype from synthetic to contractile state, with upregulation of contractile markers, downregulation of proinflammatory genes, and decreased percentage of cells in the synthetic phase. Treating SMCs with media from sheared ECs induced peroxisome proliferator-activated receptor (PPAR)-␣, -␦, and -␥ ligand binding activities; transfecting SMCs with specific small interfering (si)RNAs of PPAR-␣ and -␦, but not -␥, inhibited shear induction of contractile markers. ECs exposed to shear stress released prostacyclin (PGI 2 ). Transfecting ECs with PGI 2 synthase-specific siRNA inhibited shear-induced activation of PPAR-␣/␦, upregulation of contractile markers, downregulation of proinflammatory genes, and decrease in percentage of SMCs in synthetic phase. Mice with PPAR-␣ deficiency (compared with control littermates) showed altered SMC phenotype toward a synthetic state, with increased arterial contractility in response to angiotensin II. Conclusions: These results indicate that laminar shear stress induces synthetic-to-contractile phenotypic modulation in SMCs through the activation of PPAR-␣/␦ by the EC-released PGI 2 . Our findings provide insights into the mechanisms underlying the EC-SMC interplays and the protective homeostatic function of laminar shear stress in modulating SMC phenotype. (Circ Res. 2009;105:471-480.)
P henotypic modulation of smooth muscle cells (SMCs) is critical in regulating vascular function in health and disease. 1 During atherosclerotic lesion development, vascular SMCs change from their physiological contractile phenotype to the pathophysiologic synthetic phenotype and migrate into the intima, where they release proinflammatory factors and interact with endothelial cells (ECs) lining the vessel wall and exposed to shear stress. 2 There is increasing evidence that laminar shear stress exerts atheroprotective effects on the vascular wall by regulating EC signaling, gene expression, and function. 3 However, the mechanisms by which shear stress acting on ECs leads to signaling regulation, gene expression, and phenotypic modulation in the neighboring SMCs remains unclear.
Sustained exposure of ECs to laminar shear stress induces their release of several antiatherogenic factors, including prostacyclin (PGI 2 ) and nitric oxide (NO), which are known to inhibit coagulation, leukocyte migration, and SMC proliferation and inflammation. 2, 3 Recent studies have demonstrated that shear stress applied to ECs induces their release of ligands of peroxisome proliferator-activated receptor (PPAR)-␥, 4, 5 which, together with PPAR-␣ and -␦, constitute a subfamily of nuclear receptors. PPARs have been implicated in metabolic disorders predisposing to atherosclerosis, eg, dyslipidemia and diabetes. 6 Activation of PPAR-␥ in vascular SMCs by the antidiabetic agent troglitazone inhibits SMC proliferation and migration. 7, 8 The role of PPAR-␥ in ECs on the modulation of metabolic phenotype and vasoreactivity has also been reported. 9 Activators of PPAR-␣ (eg, Wy14643) inhibit the inflammatory response of aortic SMCs as a result of PPAR-␣-repression of nuclear factor B signaling, 10 thereby suppressing the initiation and progression of atherosclerosis. The role of PPAR-␦ in modulating SMC gene expression and function is controversial. It has been shown that PPAR-␦ is upregulated in vascular SMCs during lesion formation and promotes postconfluent proliferation of SMCs. 11 In contrast, activation of PPAR-␦ by its ligand L-165041 induces cell cycle arrest in SMCs and inhibits their proliferation and migration. 12 PGI 2 , a predominant prostanoid that is a product of arachidonic acid metabolism and synthesized by PGI 2 synthase (PGIS), has been found to be a putative endogenous ligand for PPAR-␣/␦. 13 Overexpression of PGIS by gene transfer inhibits vascular SMC growth and prevents neointimal formation in EC-denuded carotid arteries in rats. 14 These results suggest that PPAR-␣/␦ may play a role in the pathology of diseases associated with alteration of SMC phenotype and function, eg, atherosclerosis, hypertension, and restenosis.
In the present study, we investigated the role of shear stress acting on ECs in the modulation of SMC phenotype and the mechanism underlying this shear effect, using our newly developed EC/SMC coculture flow system in which ECs and SMCs are grown on opposite sides of a porous membrane. 15, 16 We found that laminar shear stress (12 dyn/cm 2 ) acting on ECs induce synthetic-to-contractile phenotypic modulation in SMCs through their PPAR-␣/␦ activation by EC-released PGI 2 . Mice with PPAR-␣ deficiency showed altered SMC phenotype toward a synthetic state in the thoracic aorta, with increased arterial contractility in response to angiotensin II (Ang II), as compared with the wild-type (WT) Our findings provide new insights into the mechanisms by which laminar shear stress exerts atheroprotective effects via EC modulation of SMC phenotype from synthetic toward contractile state.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Materials
Mouse monoclonal antibodies against smooth muscle ␣-actin (SM␣actin), myosin heavy chain (SM-MHC), protein 22-␣ (SM22␣), h-caldesmon, and calponin were purchased from Sigma (St Louis, Mo). A detailed list of materials used in this study is given in the Online Data Supplement.
Cell Culture
ECs were isolated from fresh human umbilical cords by collagenase perfusion and grown in medium 199 (GIBCO, Grand Island, NY) supplemented with 20% FBS (FBS; Gibco). Human umbilical artery SMCs were obtained commercially (Clonetics, Palo Alto, Calif) and maintained in F12K medium (Gibco) supplemented with 10% FBS. Human skin fibroblasts were purchased from American Type Culture Collection (Rockville, Md) and grown in minimal essential medium (MEM; Gibco) supplemented with 10% FBS. Cells between passages 4 to 6 were used.
Coculture Modules
ECs (5ϫ10 5 cells/cm 2 ) were seeded onto the outer side of a 10-m-thick membrane containing 0.4-m pores (Falcon cell culture inserts; Becton Dickinson, Lincoln Park, NJ), as described 15, 16 ; SMCs (2ϫ10 5 cells/cm 2 ) were seeded on the opposite (inner) side to form EC/SMC coculture. Controls had SMCs as above, but no ECs on the outer side of the membrane (/SMC). Detailed experimental procedures are described in the Online Data Supplement.
Parallel-Plate Coculture Flow System
The membrane with ECs of EC/SMC was incorporated into a parallel-plate flow chamber, which was connected to a perfusion loop system for the application of shear stress at 12 dyn/cm 2 for 24 hours, as described. 15, 16 In some experiments, perfusing media collected from 24 hour-sheared ECs seeded on 3 glass slides (75ϫ38 mm, Corning, NY) were used to elucidate the paracrine effect of factor(s) released from sheared ECs. Detailed experimental procedures are described in the Online Data Supplement.
Animal Experiments
Male PPAR-␣ knockout (PPAR␣ Ϫ/Ϫ ) and WT mice (9 to 10 weeks old, 20 to 25 g weight) on pure 129/SvJ background were used. All experiments were performed in accordance with NIH guidelines and the approval of Animal Research Committees of Peking University Health Science Center. Basal blood pressures in PPAR␣ Ϫ/Ϫ and WT mice and their responses to Ang II (2 g/kg) were measured by carotid arterial catheterization as previously reported. 17 The detailed experimental procedures of blood pressure and mesenteric arterial tension measurements and immunohistochemistry were described in the Online Data Supplement.
An expanded Materials and Methods section is provided in the Online Data Supplement.
Results

Shear Stress Applied to ECs Induces SMC Phenotypic Change From Synthetic to Contractile State Through Paracrine Effects of Factors Released From Sheared ECs
The protein expression of contractile markers SM␣-actin, SM-MHC, calponin, h-caldesmon, and SM22␣ in SMCs Non-standard Abbreviations and Acronyms 6-keto-PGF 1␣ 6-keto-prostaglandin F 1␣ cocultured with ECs under static condition was similar to that in the monocultured SMCs ( Figure 1A and 1B ). When the EC side of EC/SMC was exposed to shear stress at 12 dyn/cm 2 for 24 hours, however, the expression of these contractile markers in SMCs was increased, as compared with the static cocultured or monocultured SMCs. Such shear induction of SMC contractile markers was not observed when the EC side of EC/SMC was replaced by fibroblasts ( Figure 1C ), SMCs ( Figure 1D ), and transcriptional inactive ECs (cycloheximide-treated) ( Figure 1E ). When SMCs were treated with perfusing media from sheared ECs for 24 hours (compared with static media from control ECs), the expression of these contractile markers was also increased ( Figure  1A and 1F). These results indicate that shear-induced synthetic-to-contractile phenotypic modulation of SMCs in EC/SMC is specific to ECs and mediated through paracrine effects of mediator(s) released from sheared ECs.
Perfusing Media Induce PPAR-Mediated Transcription and PPAR Ligand Binding Activities in SMCs
SMCs were transfected with a luciferase reporter driven by 3 copies of PPAR-responsive element (PPRE) (ie, PPRE by 3-TK-Luc) and then stimulated with perfusing versus static media. Perfusing media induced luciferase activity for all three PPAR isoforms approximately 4 times of that obtained using static media ( Figure 2A ). As positive controls, treating SMCs with agonists of PPAR-␣ (WY14643; 50 mol/L), -␦ (GW501516; 30 nmol/L), and -␥ (troglitazone; 10 mol/L) under static conditions caused Ϸ4 to 4.5 times inductions. To examine the ligand dependence of the perfusing media activation of PPARs, SMCs were transfected with a GAL4 reporter construct (ie, MH100 by 4-TK-Luc) and a vector of GAL-hPPAR-␣ligand binding domain (LBD), GAL-hPPAR-␦-LBD, or GAL-hPPAR-␥-LBD fusion protein in which the DNA binding domain of GAL4 is linked to the LBD of the human PPAR-␣, -␦, or -␥; the results show that perfusing media caused increases in PPAR-␣, -␦, and -␥ ligand binding activities in SMCs compared with static controls ( Figure 2B ). The increases in PPAR-␣, -␦, and -␥ ligand binding activities induced by perfusing media and their respective agonists were inhibited by pretreating these transfected SMCs with antagonists of PPAR-␣ (MK886; 20 mol/L; Figure 2C ), -␦ (sulindac sulfide; 100 mol/L; Figure 2D ), and -␥ (GW9662; 10 mol/L; Figure 2E 
PPAR-␣ and -␦, but not -␥, Are Required for Shear-Induced Phenotypic Modulation in SMCs of EC/SMC
Transfection of SMCs with specific small interfering RNA (siRNA) of either PPAR-␣ or PPAR-␦ (100 nmol/L), which caused 70% to 80% reductions in the respective PPAR protein expression in SMCs compared with control siRNA ( Figure 3A) , inhibited shear-induced expressions of SM-MHC, h-caldesmon, and calponin in SMCs of EC/SMC ( Figure 3B ). In contrast, PPAR-␥-specific siRNA, which reduced the PPAR-␥ protein expression by 80% compared with control siRNA ( Figure 3A ), had no inhibitory effects. Thus, although shear stress causes the activations of all three isoforms of PPAR (␣, ␦, and ␥), only PPAR-␣/␦ are involved in the modulation of SMC phenotype by mediator(s) released from sheared ECs. This involvement of PPAR-␣/␦ in the modulation of SMC phenotype was further substantiated by the inhibitions of perfusing media-induced contractile marker expression in SMCs by transfections with specific siRNAs of PPAR-␣ and -␦, but not -␥ ( Figure 3C ). As controls, treating SMCs with agonists of PPAR-␣ (WY14643; 50 and 100 mol/L) and -␦ (GW501516; 1 and 30 nmol/L) induced SM-MHC, h-caldesmon, and calponin expressions in SMCs ( Figure 3D ). PPAR-␥ agonist troglitazone (5 and 10 mol/L) had no effect on these contractile marker expressions.
PGI 2 Produced by Sheared ECs Acts As a PPAR-␣/␦ Ligand Contributing to Shear-Induced SMC Phenotypic Modulation in EC/SMC Coculture
In agreement with previous reports, 18 perfusing media from sheared ECs contained much higher levels of 6-keto-prostaglandin F 1␣ (6-keto-PGF 1␣ ; Ϸ50 ng/L), the PGI 2 stable metabolite, than the static media (Ϸ10 ng/L) ( Figure 4A ). This shear induction of 6-keto-PGF 1␣ was reduced by transfecting ECs with PGIS-specific siRNA (40 nmol/L), which reduced PGIS protein expression by 60% compared with control siRNA ( Figure 4B ). Compared with static controls, perfusing media of ECs transfected with control siRNA induced luciferase activities of PPRE ( Figure 4C ), GAL-hPPAR-␣-LBD ( Figure 4D ), GAL-hPPAR-␦-LBD ( Figure 4E) , and GAL-hPPAR-␥-LBD ( Figure   4F ) in SMCs transfected with these respective constructs. Treating SMCs with perfusing media of ECs transfected with PGISspecific siRNA resulted in reductions in luciferase activities of PPRE, GAL-hPPAR-␣-LBD, and GAL-hPPAR-␦-LBD, but the shear-induced increase in GAL-hPPAR-␥-LBD activity was not affected ( Figure 4C through 4F) . As controls, the PGI 2 synthetic analog carbaprostacyclin (cPGI 2 ) induced luciferase activities of PPRE, GAL-hPPAR-␣-LBD, and GAL-hPPAR-␦-LBD, but not GAL-hPPAR-␥-LBD, in SMCs. Shear stress applied to ECs (transfected with control siRNA) of EC/SMC induced SM-MHC, h-caldesmon, and calponin expressions in SMCs ( Figure  4G ). These shear inductions of contractile markers were inhibited by transfecting ECs with PGIS-specific siRNA before shearing. The involvement of PGI 2 produced by sheared ECs in shear induction of SMC contractile markers was further substantiated by the reductions of perfusing media induction of contractile markers in SMCs by treating with perfusing media of ECs transfected with PGIS-specific siRNA ( Figure 4H ). As positive controls, treating SMCs with carbaprostacyclin (cPGI 2 ) (50 and 100 nmol/L) induced SM-MHC, h-caldesmon, and calponin expressions in SMCs ( Figure 4I ). 
PGI 2 Produced by Sheared ECs Induces SM22␣ Gene Expression at the Transcriptional Level and Serum Response Factor-DNA Binding Activity in SMCs
Shear stress applied to ECs of EC/SMC induced SM22␣ gene expression in SMCs ( Figure 5A ). This shear-induced SM22␣ expression in SMCs can be inhibited by transfecting ECs with PGIS-specific siRNA before shearing. For SMCs transfected with SM22␣-Luc, which contains 520 bp of 5Ј-flanking DNA of the human SM22␣ promoter in front of the luciferase gene, 19 perfusing media of ECs transfected with control siRNA caused a 3.7-fold induction of the SM22␣-Luc luciferase activity; this response was reduced by transfecting ECs with PGIS-specific siRNA before shearing ( Figure 5B ). Pretreating SMCs with antagonists of PPAR-␣ (MK886; 20 mol/L) and -␦ (Sulindac sulfide; 100 mol/L), but not -␥ (GW9662; 10 mol/L), also caused reductions in this perfusing media-induced increase in SM22␣ promoter activity ( Figure 5C ). Because the promoters of almost all SMC contractile marker genes examined contain the CArG (CC[A/T]6GG) box whose binding with serum response factor (SRF) is critical for the expression of these genes, 1 we investigated whether SRF is involved in PGI 2 /shear-induced contractile marker gene expression in SMCs. Transfecting SMCs of EC/SMC with SRF-specific siRNA (10 nmol/L), which reduced the SRF protein expression by 90% compared with control siRNA (Figure 5D ), abolished the shear-induced SM␣-actin, calponin, and SM22␣ gene expressions in SMCs ( Figure 5E ). The electrophoretic mobility-shift assay results showed that stimulation with perfusing media of ECs transfected with control siRNA caused an increase in SRF-DNA binding activity in the SMC nucleus ( Figure 5F) ; this response was not observed when SMCs were treated with perfusing media of ECs transfected with PGIS-specific siRNA. As positive controls, treating SMCs with cPGI 2 for 24 hours induced SRF-DNA binding activity. The specificity of this binding for SRF was shown by its abolition by coincubation of nuclear proteins with 20-fold unlabeled oligonucleotides and further substantiated by the supershifting in-gel mobility of the SRF-oligonucleotide complex after preincubation of nuclear proteins with an anti-SRF antibody.
Shear-Mediated Synthetic-to-Contractile Phenotypic Modulation in SMCs of EC/SMC Is Accompanied by the Attenuation of SMC Proinflammatory Gene Expression and Proliferation
Compared to static controls, shear stress applied to ECs (transfected with control siRNA) of EC/SMC resulted in reductions in SMC expressions of monocyte chemoattractant protein (MCP)-1 and interleukin (IL)-8, the markers of SMC activation (Figure 6A ). 20 These responses were rescued by transfecting ECs with PGIS-specific siRNA before shearing. Flow cytometry showed that application of shear stress to ECs (transfected with control siRNA) of EC/SMC led to increases in the percentage of cells in G 0 /G 1 phases and decreases in S (ie, synthetic) phase in SMCs, as compared with unsheared control cells ( Figure 6B ). This shear-induced decrease in percentage of cells in S phase was confirmed by the bromodeoxyuridine incorporation assays ( Figure 6C ) and rescued by transfecting ECs with PGIS-specific siRNA before shearing.
PPAR␣ ؊/؊ Mice Show Altered SMC Phenotype, With an Increase in Arterial Contractility in Response to Ang II, As Compared With the WT Mice
To explore whether deficiency in PPAR-␣ alters SMC phenotype in vivo, we performed studies on PPAR␣ Ϫ/Ϫ and WT mice. Immunohistochemical staining with anti-SM␣-actin and anti-h-caldesmon antibodies on cross sections of the straight part of thoracic aorta, which is known to be exposed to laminar shear stress, showed that the expression of these contractile phenotype markers was decreased in the PPAR␣ Ϫ/Ϫ mice compared with the WT mice ( Figure 7A) . We assessed the functional consequence of PPAR-␣ deficiency by measuring the basal levels of arterial blood pressure and mesenteric arterial tension and their responses to Ang II. The basal levels and the peak response of mean arterial pressure to Ang II in PPAR␣ Ϫ/Ϫ mice are slightly higher than those in WT mice, but there was no statistically significant difference between these 2 groups of mice ( Figure  7B ). However, Ang II induced higher levels of contraction of isolated mesenteric arteries from PPAR␣ Ϫ/Ϫ mice in comparison to that of the WT littermates ( Figure 7C) . These results suggest that PPAR-␣ deficiency may alter SMC phenotype toward a synthetic state and result in higher levels of arterial contraction in response to contractile agonists, eg, Ang II.
Discussion
In this study, we have characterized a novel mechanism by which laminar shear stress regulates SMC phenotype (from synthetic to contractile state) through PPAR-␣/␦ activations by PGI 2 released from sheared ECs (summarized in Figure 8 ). Our study has generated the following findings. (1) Shear stress applied to ECs of EC/SMC resulted in increases in contractile marker expression and decreases in proinflammatory gene expression and % cells in S phase in SMCs. These responses are EC-specific and mediated through a paracrine effect of EC mediator(s). (2) Shear stress applied to ECs induced their release of PPAR ligands to activate SMC PPAR-␣, -␦, and -␥, but only the former 2 are involved in shear modulation of SMC phenotype. (3) siRNA knockdown of EC PGIS expression to inhibit the shear induction of PGI 2 inhibited the shear-mediated activation of PPAR-␣/␦, induction of contractile markers, and reduction of proinflammatory gene expression and percentage of cells in S phase in SMCs. (4) PPAR␣ Ϫ/Ϫ mice (compared with WT littermates) showed decreased expression of SMC contractile markers in the thoracic aorta, with increased arterial contraction in response to Ang II. Thus, our findings have helped to elucidate the roles of EC PGI 2 and SMC PPAR-␣/␦ in the shear modulation of SMC phenotype and the consequent modulation of arterial contractility.
PPARs can be activated by a number of natural and synthetic ligands, including thiazolidinedione class of antidiabetic drugs, polyunsaturated fatty acids, and prostaglandins. 6 Taba et al 4 demonstrated that laminar shear stress to ECs induces their release of 15-deoxy-⌬ 12,14 -prostaglandin J 2 (15d-PGJ 2 ), a natural PPAR-␥ ligand. A recent study by Liu et al 5 further demonstrated that laminar shear stress activates endogenous PPAR-␥ in ECs and that the lipid extracts from perfusing media contain PPAR-␥ ligands, which exert antiinflammatory effects in several types of cells. In concert with these previous findings, our study also showed that laminar flow applied to ECs induces their release of PPAR-␥ ligands, which can activate PPAR-␥ in SMCs. A new finding of this study is that perfusing media of ECs also contain ligands for the activation of SMC PPAR-␣/␦. Moreover, the shear/perfusing media induction of contractile markers in SMCs was inhibited by transfections with specific siRNA of PPAR-␣/␦, but not PPAR-␥, suggesting that only PPAR-␣/␦, but not PPAR-␥, are involved in shear-induced phenotypic modulation of SMCs in close proximity to ECs. PGI 2 is a potent vasodilator contributing to protection and maintenance of homeostasis in vasculature. In concurrence with the results by previous studies, 18 our findings show that shear stress applied to ECs induces their production of PGI 2 , which may serve as a PPAR-␣/␦ ligand to activate these PPARs in SMCs, inasmuch as transfecting ECs with PGIS-specific siRNA before shearing inhibited perfusing media-induced PPAR-␣/␦ ligand binding activities in SMCs. The inhibition of shear activations of PPAR-␣/␦ is accompanied by the inhibitions in shear induction of contractile markers and reduction of MCP-1 and IL-8 expressions and % cells in S phase in SMCs, indicating the importance of PGI 2 produced by sheared ECs in regulating SMC phenotype through the ligand-dependent activations of PPAR-␣/␦. PGI 2 has a short half-life (Ͻ20 minutes at physiological pH) and is produced in low amounts by unstimulated cultured ECs. 18, 21 Thus, the effective concentration of PGI 2 released from sheared ECs is critical for its paracrine effect on neighboring SMCs to modulate their phenotype. In our present study, the perfusing media were found to contain 6-keto-PGF 1␣ at a concentration of Ϸ50 ng/L and to be able to induce contractile marker expression in SMCs. As controls, cPGI 2 of 50 nmol/L also can induce contractile marker expression in SMCs. However, both the perfusing media of ECs transfected with PGISspecific siRNA, which contain 6-keto-PGF 1␣ at Ϸ10 ng/L and the cPGI 2 at 10 nmol/L did not have this effect. In our EC/SMC coculture flow system, ECs and SMCs were separated by a porous membrane and hence may have close communications via humoral transmission through the short distance between these cells. It is to be noted, however, that the exposure of the SMCs to the humoral agents released by the ECs is limited to the small pores, which occupy only Ϸ0.2% of the total surface area. To achieve a paracrine effect similar to that induced by the perfusing media that contain 50 nmol/L of PGI 2 acting on the entire SMC surface available, the local concentration acting on the SMCs in the coculture system must be much higher, even if one considers the lateral spreading under the pore. This is reasonable because the coculture does not involve the dilution of the paracrine molecules by the fluid media.
In addition to PGI 2 , ECs exposed to laminar shear stress release other antiatherogenic factors, including NO. 3 Using the same flow system, our previous study showed that coculture with SMCs under static condition results in a downregulation of endothelial nitric oxide synthase (eNOS) expression in ECs. 15 Application of shear stress to EC/SMC induces EC production of NO. 22 We have found that pretreating ECs with an eNOS specific inhibitor N G -nitro-L-arginine methyl ester or transfecting ECs of EC/SMC with eNOS-specific siRNA did not inhibit shear-induced PPAR-␣/␦ ligand binding activities and contractile marker expression in SMCs (Online Figure I) . These results indicate that the NO released from the sheared ECs probably does not serve as a PPAR-␣/␦ ligand for the activation of these PPARs in SMCs and the consequent modulation of SMC phenotype.
Our in vitro findings on shear induction of SMC contractile phenotype through PGI 2 activations of PPAR-␣/␦ suggest that deficiency in PPAR-␣, PPAR-␦, or PGI 2 may alter SMC phenotype toward a synthetic state, thus affecting the arterial contractility or inflammatory responses in vivo. This notion was supported by a recent study by Yokoyama et al, 23 who showed that PGIS Ϫ/Ϫ mice exhibit higher levels of blood pressure than the control littermates, with thickening of the thoracic aortic media in aged mice. However, the PPAR-␦ agonist GW0742 was found to attenuate Ang II-accelerated atherosclerosis without altering blood pressure. 24 An important finding of the present study is that PPAR␣ Ϫ/Ϫ mice have decreased expression of contractile phenotype markers in the straight part of thoracic aorta compared with WT mice, supporting our in vitro findings that PPAR-␣ plays important roles in the maintenance of SMC contractile phenotype in regions subjected to physiological levels of laminar shear stress. Our present study further demonstrated that PPAR-␣ deficiency leads to higher levels of contraction of mesenteric arteries from PPAR␣ Ϫ/Ϫ mice in response to Ang II, as compared with the WT littermates. These results suggest that synthetic status of SMC phenotype induced by PPAR-␣ deficiency is accompanied by an increase in susceptibility to Ang II-induced hypertension or atherosclerosis.
In summary, the present study demonstrated that laminar shear stress applied to ECs modulates the phenotype of underlying SMCs from synthetic to contractile state through activations of SMC PPAR-␣/␦ by EC-released PGI 2 . Our previous studies demonstrated that laminar shear stress exerts antiinflammatory effects by inhibiting SMC-induced proinflammatory responses in ECs. 15, 16 The present study advances the new notion that laminar shear stress may serve atheroprotective functions by also modulating SMC phenotype toward a contractile state. Our findings provide insights into the mechanisms underlying the EC-SMC bidirectional interaction and the protective homeostatic function of shear stress in modulating signaling and gene expression in SMCs and the consequent modulation of their phenotype.
